ABSTRACT: The xanthophyll cycle-dependent dissipation of excitation energy in higher plants is one of the most important regulatory and photoprotective mechanisms in photosynthesis. Using parallel timeresolved and pulse-amplitude modulation fluorometry, we studied the influence of the intrathylakoid pH and the xanthophyll cycle carotenoids on the PSII chlorophyll (Chl) a fluorescence yield in thylakoids of Arabidopsis, spinach, and barley. Increases in concentrations of dithiothreitol in thylakoids, which have a trans-thylakoid membrane pH gradient and are known to have decreased conversion of violaxanthin (V) to zeaxanthin (Z), lead to (1) decreases in the fractional intensity of the ∼0.5 ns Chl a fluorescence lifetime (τ) distribution component and simultaneous increases in a 1.6-1.8 ns fluorescence component and (2) increases in the maximal fluorescence intensity. These effects disappear when the pH gradient is eliminated by the addition of nigericin. To quantitatively explain these results, we present a new mathematical model that describes the simultaneous effects of the chloroplast trans-thylakoid membrane pH gradient and xanthophyll cycle pigments on the PSII Chl a fluorescence τ distributions and intensity. The model assumes that (1) there exists a specific binding site for Z (or antheraxanthin, A) among or in an inner antenna complex (primarily CP29), (2) this binding site is activated by a low intrathylakoid pH (pK ≈4.5) that increases the affinity for Z (or A), (3) about one Z or A molecule binds to the activated site, and (4) this binding effectively "switches" the fluorescence τ distribution of the PSII unit to a state with a decreased fluorescence τ and emission intensity (a "dimmer switch" concept). This binding is suggested to cause the formation of an exciton trap with a rapid intrinsic rate constant of heat dissipation. Statistical analysis of the data yields an equilibrium association constant, K a , that ranges from 0.7 to 3.4 per PSII for the protonated/activated binding site for Z (or A). The model explains (1) the relative fraction of the ∼0.5 ns fluorescence component as a function of both Z and A concentration and intrathylakoid pH, (2) Interest in the molecular mechanisms used by higher plants to adapt and acclimate to light levels in excess of that used in photosynthesis has recently increased. One possible photoprotective mechanism involves xanthophyll cycledependent thermal dissipation of excess absorbed light energy in the light-harvesting complexes of photosystem II (PSII) (1-8). Light harvesting in the PSII antenna and the xanthophyll cycle-dependent heat dissipation mechanism are related to the structure and organization of the PSII pigmentproteins. The PSII holochrome is composed of (a) the PSII core that includes chlorophyll proteins CP43 and CP47 and reaction center proteins D1, D2, and cytochrome b 559 , (b) the minor inner antenna, labeled as CP24, CP26, and CP29, and (c) the major peripheral antenna complex that includes trimeric assemblies of the light-harvesting complex (LHC) IIb (9). The peripheral and inner antennae contain both chlorophylls (Chls) a and b while the core exclusively contains Chl a and lacks Chl b. Like the Chl b, the xanthophylls lutein and neoxanthin are also distributed almost exclusively in the peripheral/inner antenna complexes. In † A.M.G.
Interest in the molecular mechanisms used by higher plants to adapt and acclimate to light levels in excess of that used in photosynthesis has recently increased. One possible photoprotective mechanism involves xanthophyll cycledependent thermal dissipation of excess absorbed light energy in the light-harvesting complexes of photosystem II (PSII) (1) (2) (3) (4) (5) (6) (7) (8) . Light harvesting in the PSII antenna and the xanthophyll cycle-dependent heat dissipation mechanism are related to the structure and organization of the PSII pigmentproteins. The PSII holochrome is composed of (a) the PSII core that includes chlorophyll proteins CP43 and CP47 and reaction center proteins D1, D2, and cytochrome b 559 , (b) the minor inner antenna, labeled as CP24, CP26, and CP29, and (c) the major peripheral antenna complex that includes trimeric assemblies of the light-harvesting complex (LHC) IIb (9) . The peripheral and inner antennae contain both chlorophylls (Chls) a and b while the core exclusively contains Chl a and lacks Chl b. Like the Chl b, the xanthophylls lutein and neoxanthin are also distributed almost exclusively in the peripheral/inner antenna complexes. In contrast to lutein and neoxanthin, the PSII pool of xanthophyll cycle pigments violaxanthin (V), antheraxanthin (A), and zeaxanthin (Z) is preferentially located in the minor CP complexes (80%) relative to the peripheral LHCIIb (20%) (10) . The PSII core is enriched in -carotene and lacks most xanthophylls (10) . The xanthophyll cycle-dependent heat dissipation mechanism functions independently of the LHCIIb level per PSII, as indicated by experiments with Chl b deficient and Chl b-less mutants of barley, and is therefore believed to be largely associated with the CP complexes of the inner PSII antenna or core (reviewed in ref 7) .
Exposure of plants to excess light not only leads to reduced photosynthesis but also leads to quenching of chlorophyll fluorescence (called nonphotochemical quenching, NPQ). The details of this quenching mechanism are under debate (1) (2) (3) (4) (5) (6) (7) (8) . Nevertheless, it is known that both ∆pH and the pigments of the xanthophyll cycle are involved in this process (reviewed in refs 1, 4, and 7) . Several qualitative models for the combined effects of ∆pH and the pigments of the xanthophyll cycle have been proposed earlier (see refs 1, 4, and 7) . Here, we report, compare, and analyze the effects of intrathylakoid ∆pH and xanthophyll cycle pigments on both the Chl a fluorescence lifetime distributions and the pulse-amplitude modulation (PAM) intensity profiles in thylakoids from four different plants, namely, spinach (Spinacea oleracea L.), wild-type (WT) variety and chlorophyll b deficient nuclear gene mutant chlorina f104 (clof104) barley (Hordeum Vulgare L.), and Arabidopsis thaliana L. cv. Columbia. Fluorescence lifetime measurements provide direct information on the fluorescence quantum yield and, thus, on the rate constants of the decay of the excited state. On the other hand, it is easier to measure fluorescence intensity (F) by commercial pulse-amplitude modulation (PAM) fluorometers. However, the intensity alone cannot distinguish between changes in the absorption cross section and the fluorescence quantum yield. To explain the observed results, we present a new quantitative model that describes the cumulative effects of both the chloroplast intrathylakoid pH and the xanthophyll cycle pigments Z and A on the PSII Chl a fluorescence lifetime distributions and intensity.
MATERIALS AND METHODS

Plant Material and Thylakoid Preparation.
Fresh spinach (S. oleracea) leaves were obtained locally and stored for at least 12 h (dark, 4°C) before thylakoid isolation. Wildtype (WT) (H. Vulgare L. cv. Donaria) and nuclear gene mutant chlorina f104 (clof104) barley plants were grown in the greenhouse. Barley seeds were germinated on a heating pad in potting soil covered with a layer of vermiculite. Plants were watered twice daily and fertilized once with a 20 N:20 P:20 K fertilizer applied at a concentration of 473 ppm N. Natural light was supplemented with high-intensity discharge lamps; the minimum photon flux density (PFD) was 400 ( 100 µmol of photons m -2 s -1 and the photo period was 14 h of light and 10 h of dark. A. thaliana L. cv. Columbia plants were grown in a growth chamber with a PFD of 230 µmol of photons m -2 s -1
, a photo period of 11.5 h, and a relative humidity of 90%. Barley plants were harvested after 8-10 days, whereas Arabidopsis plants were harvested after 8-10 weeks of growth. Leaves were dark adapted for at least 12 h at room temperature, then cut at their base, wrapped in a wet paper towel, and chilled in the dark for 1-2 h in a bag of ice in a 4°C refrigerator. All thylakoid isolation procedures were performed in a darkened cold room (7°C) under dim green light using chilled wares. The leaves (8-10 g) were cut into 2-3 cm pieces and ground using two to three 1-s bursts in a Waring blender in 100 mL of a slushy grinding buffer containing 0.33 M dextrose, 50 mM Na 2 HPO 4 ‚7H 2 O, 50 mM KH 2 PO 4 , 25 mM KCl, 5 mM MgCl 2 , 0.1% BSA, and 0.2% sodium ascorbate, pH 6.5. The brie was gently vacuum filtered through a 41 µm nylon filter (Spectra/Mesh). The filtrate was centrifuged for 10 min at 1500g in an SS-34 (Sorvall) rotor at 4°C. The pellet was gently resuspended in buffer A containing 0.33 M sorbitol, 4 mM EDTA, 5 mM MgCl 2 , 2 mM MnCl 2 , 0.1 M HEPES, and 0.2% BSA, pH 7.6. The reaction mixture (buffer B) contained 0.1 M sucrose, 10 mM NaCl, 10 mM KCl, 5 mM MgCl 2 , 10 mM Tricine, 1 mM KH 2 PO 4 , and 0.2% BSA, pH 8.0. The following ingredients were added to buffer B immediately prior to the experiments: 30 mM sodium ascorbate to mediate deepoxidation of violaxanthin to zeaxanthin, 50 µM methyl viologen to mediate linear electron transport, and 0.3 mM ATP to fuel ATP hydrolysis. We call this final reaction mixture buffer C. The Chl concentration was determined according to the equations of Porra et al. (12) .
Fluorescence Measurements. Fluorescence lifetimes (τs) were measured by using a cross-correlation, multifrequency, phase and modulation fluorometer (ISS Inc., Champaign, IL). Samples were excited with 610 nm light from the output of a cavity-dumped rhodamine 6G dye laser (Coherent, Palo Alto, CA) synchronously pumped by a mode-locked Nd: YAG laser. Chl a fluorescence was observed at wavelengths longer than 620 nm through a Hoya R-64 long pass filter. A scattering solution of glycogen in distilled water was used as the lifetime reference (0 ns), and a Corion 610 nm interference filter was placed in the emission path to isolate the scattering signal. Excitation path and emission path polarizers were set at 0°and 55°, respectively, to eliminate polarization artifacts in the fluorescence decay measurements 1 Abbreviations: A, antheraxanthin; cx, fluorescence lifetime center corresponding to the maximal amplitude value of the fluorescence lifetime distribution component labeled as x; Chl, chlorophyll; CPX, chlorophyll binding protein of PSII with molecular mass X; Diuron (DCMU), 3-(3,4-dichlorophenyl)-1,1-dimethylurea; DTT, dithiothreitol; Fm(0), maximal Chl a fluorescence intensity with all QA reduced in the beginning of the experiment; Fm, maximal Chl a fluorescence intensity with all QA reduced in the absence of the proton gradient but in the presence of zeaxanthin (or antheraxanthin); F′m, maximal Chl a fluorescence intensity with all QA reduced in the presence of the proton gradient and of zeaxanthin (or antheraxanthin); Fo, fluorescence intensity when all QA is in the oxidized state; fx, fractional intensity of a fluorescence lifetime distribution component labeled as x; Ka, association equilibrium constant for binding of Z or A; LHCIIb, main lightharvesting pigment-protein complex of PSII; NPQ, nonphotochemical quenching of Chl a fluorescence; PAM, pulse-amplitude modulation fluorometer; PFD, photon flux density; PSI, photosystem I; PSII, photosystem II; P680, reaction center Chl a molecule, primary electron donor of PSII; QA, primary quinone electron acceptor of PSII; V, violaxanthin; wx, width at half-maximum of the fluorescence lifetime distribution component labeled as x; WT, wild type; Z, zeaxanthin; ∆pH, trans-thylakoid membrane proton gradient; τx, fluorescence lifetime of component x; 〈τ〉 ) fxτx, average fluorescence lifetime in the absence of the trans-thylakoid membrane pH gradient; 〈τ′〉 ) ∑fxτx, average fluorescence lifetime in the presence of the trans-thylakoid membrane pH gradient. (13) . Phase and modulation data were collected at multiple modulation frequencies ranging from 7 to 300 MHz and were subsequently analyzed using Globals Unlimited analysis software (University of Illinois, Urbana, IL). Here, we accept that the Chl a fluorescence lifetimes of pigment-protein complexes are most realistically modeled assuming a distribution(s) of lifetimes (14) (15) (16) (17) (18) , in accordance with the concepts of protein dynamics and conformational substates (19) . Data were fit to a bimodal, Lorentzian lifetime distribution model. This model includes two components, c 1 and c 2 , that are characterized by two lifetimes, τ 1 and τ 2 , by full widths at half-maximum, w 1 and w 2 , and by relative fractional intensities, f 1 and f 2 (where f 1 + f 2 ) 1.0). Additional information on phase and modulation fluorometry and the use of lifetime distribution models can be found in the literature (14, 15, 20) .
In addition to the lifetime of fluorescence measurements, changes in the Chl a fluorescence intensity were recorded with a pulse-amplitude modulation fluorometer (PAM 103, Heinz-Walz, Effeltrich, FRG). In all cases, both F m and F′ m were obtained under conditions where the primary quinone electron acceptor of PSII, Q A , was reduced to Q A -either by a 2 s pulse of white light PFD ≈ 10 000 µmol of photons m -2 s -1 (from a Schott model KL-1500 lamp, filtered through a Walz DT-Cyan infrared filter) or after the addition of 10 µM DCMU to the reaction mixture during a continuous exposure to white light (PFD ) 500 µmol of photons m , passing through a Corning CS1-75 infrared filter) which led to the acidification of the intrathylakoid space (lumen). This acidification activated the deepoxidase (pH optimum, 5.2) that converted the diepoxide V to the monoepoxide A and to epoxide-free Z (23, 24) . The steady-state [Z] + [A] was further varied at this time and at this step by the addition of different, but still low, concentrations of the sulfhydryl reagent dithiothreitol (DTT) that specifically and quantitatively inhibited the deepoxidase (25) without inhibiting either the light-driven or ATPase-mediated proton pumps (26, 27) . In step 2, a high concentration (3 mM) of DTT was added for two purposes, first to stop further [Z] + [A] formation and second to ensure thiol activation of the chloroplast ATPase (26) . Importantly, reversion of Z and A back to V did not occur in our system since exogenous NAD(P)H was not added to the reaction mixture to activate the zeaxanthin epoxidase enzyme (28) . In step 3, the maximal steady-state fluorescence intensity, F′ m , was measured when the pH gradient was created by both light-driven electron transport and ATP hydrolysis. In step 4, diuron [3-(3,4- 
, an inhibitor of electron transport between the Q A and the secondary quinone Q B , was added to eliminate photochemical quenching of Chl a fluorescence by the oxidized primary quinone electron acceptor Q A (29) . Diuron also completely blocked the light-driven proton pump without inhibiting the ATPase proton pump (26) . Methyl viologen, which was added prior to illumination in buffer C, was present to eliminate changes in the transfer of excitation energy from PSII to PSI (26, 30) . In step 5, chilling the reaction mixture to less than 5°C slowed the ∆pH dissipation and allowed fluorescence measurements at steady-state pH conditions (16) . In step 6, the steady-state fluorescence lifetimes (τ f s) and F′ m were determined under conditions when the proton gradient was created by ATPase only. In step 7, the protonophoric uncoupler nigericin was used to dissipate the transmembrane proton gradient. In step 8, the fluorescence lifetimes (τ f s) and intensities (F m ) were measured again. Xanthophyll cycle pigment analyses were done as described by Gilmore and Yamamoto (31) .
pH Measurements. The intrathylakoid pH was measured using 9-aminoacridine as a probe (32) . This method is suitable for measurements of pH gradient that is greater than 1.0 (33). The 9-aminoacridine fluorescence intensity was measured using a SLM-8100 spectrofluorometer (Spectronic Instruments, Champaign, IL) with excitation at 400 nm (4 nm slit) and emission monitored at 450 nm (4 nm slit). The 3 mL sample (15°C) was illuminated, while being stirred, from the side using the PAM fiberoptics and light from a Schott KL-1500 microscope lamp, passed through both a Schott RG (>610 nm) and a Walz (infrared) DT cyan filter, resulting in a final PFD of 1600 µmol of photons m -2 s -1 . The reaction mixture was buffer B plus 50 µM methyl viologen and 0.3 mM ATP. Five millimolar DTT and 3 µM 9-aminoacridine were added prior to illumination, 10 µM DCMU was added after 5 min of illumination, and 2 µM nigericin was added after 10 min of illumination. Data were averaged for three independent thylakoid samples.
IteratiVe Model Fitting Routine. The best fitting pH values and the mean ((SD) relative equilibrium association constant K a values (for [Z]/PSII and [A]/PSII) were determined using the iterative Solver routine in Excel 5.0 (Microsoft). The best fits were determined by maximizing the values of both the coefficient of determination (r 2 ) and an analysis of variance (F-test ) one-tailed probability that the variations in the model were not significantly different from the variations in the data).
RESULTS
Using thylakoids from spinach, wild-type (WT) and chlorina f104 barley, and Arabidopsis, we have reinvestigated the effects of the ∆pH (created by light and/or by ATPase) and the concentrations of Z and A (as varied by the addition of DTT) on the maximal chlorophyll a fluorescence intensities and lifetimes.
Effect of [DTT] on the Concentration of Antheraxanthin and Zeaxanthin.
The violaxanthin deepoxidase catalyzes the conversion of violaxanthin (V) first to antheraxanthin (A) and then to zeaxanthin (Z). DTT is known to inhibit this deepoxidase (25) . Figure 1A pH Measurements. Using 9-aminoacridine fluorescence (33), we measured the intrathylakoid pH under three experimental conditions (pH gradient created by light, created by ATPase only, and dissipated by nigericin) in Arabidopsis ( Figure 2A ) and spinach ( Figure 2B ) thylakoids. The shaded bars show that the intrathylakoid pH is ∼4.5 under conditions when the pH gradient is created by light and is ∼5.3 when the pH gradient is created by ATP hydrolysis only. The largest value (about 8) was obtained when the pH gradient was dissipated with nigericin. We are aware that the value of the measurement in the pH 7-8 region, using 9-aminoacridine, is unreliable due to the lower sensitivity of the aminoacridine method at small values (<1.5) of the pH gradient (33) . Since the intrathylakoid pH equilibrates with the reaction mixture (buffer B), which was measured to be pH 8 (hatched bar), the intrathylakoid pH must also be 8. Unshaded bars show the pH values predicted from a theoretical model (to be discussed later; see Discussion).
Results with spinach thylakoids were almost identical with those for Arabidopsis.
Effect of [DTT] on Nonphotochemical Quenching of Chlorophyll a Fluorescence. Here, we report the effects of the xanthophyll cycle pigment concentration (changed by the addition of DTT) on the pulse-amplitude modulation (PAM) chlorophyll a fluorescence intensity. Figure 3A shows a typical Chl a fluorescence intensity measurement for a spinach thylakoid suspension. The encircled numbers 1 through 8 refer to the steps in the experimental protocol (see Materials and Methods). After switching on a weak measuring light, we measured F o (minimum fluorescence yield); then, after switching on a strong (actinic) light flash, we measured F m(0) (maximum fluorescence yield in the presence of a pH gradient but in the absence, we believe, of Z or A at the binding site). After switching on another strong, but continuous, light (see "On"), we observed first an increase and then a decrease in fluorescence (the Kautsky effect). After adding the same strong actinic light flash as before, we observed only small additional increases (see small spikes) in fluorescence yield. The difference between maxima of the spikes (called F′ m ) and F m(0) is usually considered as a measure of nonphotochemical quenching. As shown in Figure 3A , after steps 2 (high DTT addition), 3 (measurement of F′ m ), 4 (DCMU addition), and 5 (chilling), a new F′ m was measured (step 6). Note that, after step 3, the strong continuous light was turned off, and a new F o , called F′ o , was obtained. Then, in step 7, nigericin was added to measure F m (maximum fluorescence yield in the absence of the pH gradient). For the case when the pH gradient was created by light, F′ m was measured after step 3 (i.e., before turning off the actinic light); for the case when the pH gradient was created by ATPase only, F′ m was measured at step 6. In the remainder of Figure 3 , we plotted the influence nigericin, where a ∆pH is absent (solid curves). In the experiments reported here, DTT was added first to decrease the [Z] and [A], and then nigericin was added. In the presence of a pH gradient, we observe two major components of fluorescence in both of the species. We refer to the longlifetime component as c 1 , its fractional intensity as f 1 , and its lifetime center as τ 1 , whereas the second short-lifetime component is referred to as c 2 , its fractional intensity as f 2 , and its lifetime center as τ 2 . In spinach, for example, τ 1 is 1.8 ns and τ 2 is ≈ 0.46 ns. In the absence of DTT, the component c 1 has a low f 1 , and the component c 2 has a high f 2 . Decreasing [Z] + [A], by adding DTT, leads to decreases in the f 2 of the fluorescence lifetime distribution with the short-lifetime center (τ 2 ≈ 0.46 ns) and increases in the fractional intensity (f 1 ) of the long-lifetime center (τ 1 ≈ 1.8 ns). In barley, similar results were obtained. However, the barley τ 1 and τ 2 were 1.6 and 0.5 ns, respectively, and the width of the c 2 distribution was found to be wider (0.76 ns) than that of c 1 (0.5 ns).
In the presence of nigericin, when the trans-thylakoid pH gradient is absent (see solid curves), the Chl a fluorescence lifetime was not affected by changes in the [Z] and [A]. Here, the major distribution (with fraction f 1 ) is, however, centered at τ 1 of about 2.2 ns for spinach thylakoids and about 2.0 ns for barley thylakoids. It is clear that this component has shifted to slightly higher values from that before nigericin was added; further, the width of the lifetime distribution is wider in the absence of ∆pH than in its presence. Note, as shown in Table 1 , that (a) these differences vary between spinach and barley and (b) in barley mutant clof104, which lacks most LHCIIb, these differences (17) in widths are much smaller than in the wild type. Thus, it is likely that the above-described differences in widths may also include effects on LHCIIb. These results are understood if we suggest that pH alone causes some conformational change in the vicinity of chlorophyll molecules in the pigmentprotein complexes. Table 1 contains the results of analysis of fluorescence data for thylakoids of spinach, WT barley, and barley mutant clof104, by assuming that there is a linear relationship between the fluorescence intensity ratio F′ m /F m and the fractional intensity of the faster decaying fluorescence lifetime component c 2 . All data for each species were linked to form a global data set. We note here that the fluorescence lifetime distribution center, width, and fractional intensity parameters were very similar to those reported earlier (16) (17) (18) . The most significant difference noted between the earlier and this global-linked data set was an approximate 0.1 ns change in the lifetime values for each species. We note that the linear relationship between F′ m /F m and f 2 was very similar between the WT barley and the barley mutant clof104, with both being slightly different from those for spinach. The intercept value in spinach was lower (∼20%) than in either the barley WT or clof104.
It is clear from a comparison of these results on the lifetime of Chl a fluorescence ( Figure 5 and Table 1 ) with those on Table  1 and the legend of a All phase and modulation data fits (phase error ) 1°; modulation error ) 0.020) were constrained to a bimodal Lorentzian distribution model where the distribution centers (τx) and widths (ωx) were linked across all data files. For each thylakoid source, the fractional intensity (fx) was linked through the linear equation and subsequently analyzed for the best fit to the lifetime data resolving both the lifetime parameters and the linking equation parameters. b The resolved lifetime, slope, and intercept values are reported from fluorescence studies of thylakoids from spinach (n ) 9), wild-type barley (WT, n ) 15), and the chlorina f104 mutant of barley (clof104, n ) 13). See Gilmore et al. (16, 17) for a full summary of the unlinked fluorescence lifetime parameters and statistical analysis of the fluorescence lifetime data. The p values denote the probability for the null hypothesis of the slope or the intercept; r 2 is the coefficient of determination; n is the number of samples. 
DISCUSSION
Xanthophyll Cycle Quenching Scheme. Several qualitative models for the combined effects of ∆pH and the pigments of the xanthophyll cycle are available in the literature (see, e.g., refs 1, 4, and 7) . The effects of both the xanthophyll cycle pigments and ∆pH on the Chl a fluorescence lifetimes and intensities, obtained in this paper, can be explained by a scheme shown in Figure 8 . According to this scheme, light-induced electron transport or ATPase acidifies the intrathylakoid space. This acidification (see Figure 2) , which can be reversed by uncouplers, has a dual synergistic role. First (see bottom middle of Figure 8) , it activates the violaxanthin deepoxidase, with a pK of about 5.2, converting violaxanthin (V) to antheraxanthin (A) and then to zeaxanthin (Z) (34) , and second (see top middle of Figure 8) , it leads to protonation of some carboxyl groups, with a pK of about 4.5, of the inner core of PSII, perhaps in CP26 and CP29 antenna complexes (9, 35, 36) . Härtel et al. (37) showed that CP24 expression lags that of CP29 and of NPQ in the greening process of barley and therefore CP24 may not be necessary for induction of the major NPQ component. Further, Pesaresi et al. (38) have recently shown that a single point mutation on the glutamate residue 166 to glutamine (E166Q) in CP29 prevents binding of dicyclohexylcarbodiimide to this complex in vitro. Hence, it is most likely that this is the protonatable glutamyl residue that is directly involved in the protonation steps required for induction of xanthophyll cycle-dependent energy dissipation. This protonation of the CP(s) is suggested to cause an activation of a binding site for either Z or A, possibly via some conformational changes. The binding of Z or A is then suggested to cause a switching of PSII units to a state with an increased rate constant of heat dissipation (16) (17) (18) , leading to the quenching of Chl a fluorescence (a "dimmer switch" effect), as measured by the pulse amplitude modulation fluorometer (Figures 3 and 4) or by multifrequency phase fluorometry ( Figures 5 and 6 ). We note that the sulfhydryl reagent dithiothreitol (DTT) inhibits deepoxidation (34) without inhibiting either the light-driven or ATPase-mediated proton pumps. By varying the concentration of DTT, we were able to obtain different concentrations of Z and A (see Figure 1) . Further, the uncouplers do not alter the [Z + A] in isolated thylakoid membranes unless NAD(P)H is added to activate the epoxidase enzyme (see refs 28 and 39) .
Kinetic Model for the Analysis of the pH and Xanthophyll Cycle Concentration Dependence of PSII Fluorescence. In the current model, only Z and A are considered as quenchers, although in other systems (e.g., Chlamydomonas), other molecules (e.g., lutein; see ref 40) may also be considered without affecting the kinetic model presented here. Although a large number of Z and A molecules may be present in the total xanthophyll pool, only one molecule per PSII is suggested, for simplicity, to be involved in the energy dissipation mechanism. In our model, only bound Z and A can quench Chl a fluorescence because (a) no evidence exists for collisional quenching in the present system, (b) the most likely mechanism of quenching is the electron-exchange Dexter mechanism (see ref 41) , and (c) only Z and A, not V, can quench Chl a fluorescence, suggesting a specific binding niche. In our concept, each Z and A molecule has a given average probability to fill the activated binding niche and quench Chl a fluorescence.
To quantitatively incorporate the effects of the pH on the xanthophyll cycle-dependent Chl a fluorescence quenching, we assume that protonation of carboxyl moieties on the lumenal side of the PSII inner core antenna proteins (primarily CP29) is necessary for the reversible activation of the binding site for Z (or A). Here we note that there may be several carboxyl moieties (perhaps more than four, assuming two for each CP26 and CP29 unit per PSII) involved in the pH activation for each binding site. As implied from the work in ref 38, it may be only CP29 that may have to be considered further. But, we must keep other options open. We may envision a scenario where protonation of the carboxyl groups releases counterions (probably divalent), thus changing the charged properties of these functional groups and hence their structural interaction with other neighboring functional amino acid groups, lipid headgroups, or proteins. We speculate that a dynamic refolding and/or rearrangement within and/or between CP proteins results in the exposure of the binding domain for Z and A.
To summarize the protonation step(s), we use the following simple scheme:
where W in parentheses denotes the binding site for Z and/ or A and X denotes the protonated (activated) binding site that has a high binding affinity for Z (or A). We include both Z and A as quenchers of Chl a fluorescence, as discussed earlier under Results. The pH dependence of relative populations of these two states of the binding site is given by the Henderson-Hasselbach equation:
We propose here that all the Z and A molecules present in the PSII unit compete for the binding site. For simplicity, we suggest that each molecule may bind with equal probability. A similar approach can be used even if Z and A had different binding efficiencies. The Z and A molecules interact in a reversible manner with this binding site. Therefore, the binding scheme in eq 3 is characterized by the equilibrium association constant K a (here for simplicity we show only Z):
where Y in parentheses denotes the protonated (activated) binding site with Z present.
The equilibrium binding (association) constant K a is given by the equation:
Combining eqs 1 and 3 gives the reaction scheme:
The Chl a fluorescence lifetimes (τ f ) listed above are suggested ranges of values for the species (X and Y) in spinach. We note that the above-described protonation event, related to the activation of the binding site (see Figure 8) , is not the same as that which leads to the change in lifetime of fluorescence from 2.2 to 1.8 ns (see Figure 7 for spinach). This may have a different origin, such as conformational changes.
Equations 2 
[W]
Equation 7 can also be written using pK and K a as
We use eq 9 to analyze and fit our experimental data. We suggest that the introduced fractions (W), (X Figure 9 (panels D-F), the solid lines represent the model mean, while the dotted lines denote the (() standard deviation range of the K a values. The values of pH were taken from measurements with 9-aminoacridine (see Figure  2) . The pK was assumed to be 4.5. Then, the experimental data points were fitted by eq 9 to find K a . Panels G-I of Figure 9 show that when only [Z] is considered a quencher of fluorescence (open diamonds), then the calculated K a values for each data point show large differences in all three types of materials; note especially that in Figure 9 (panel H, WT barley, and panel I, mutant barley clof104) there is a very large systematic deviation, reaching values of ∼100. Since K a must be a constant for each sample point independent of the pH and [Z + A], this result suggests that another parameter is needed to fit the curves correctly. As discussed earlier, [A] is also a possible quencher of Chl a fluorescence (see Figure 4) . Thus, we fitted the experimental data points by using eq 9 but replacing [Z] with [Z] + x[A] (see filled diamonds in Figure 9G -I). The newly calculated K a values were found to fall in a narrow range. As shown in panels J-L of Figure 9 , both the F-test and r 2 values for the model indicate that the best fitting relative value for the fraction of the total pool of [A] ) x is about equal to that of [Z], i.e., supporting the conclusion that A is a quencher (42) and x ≈ 1.
Comparison of the Intrathylakoid pH Calculated from the Model to That Measured by Uptake of 9-Aminoacridine. In the above discussion, we had used the measured values of the pH gradient in calculating K a . Now, we show below that even the value of pH can be estimated by fitting eq 9 with the experimental data. Figure 2 shows a comparison of these predictions (open bars) of the pH with those measured by 9-aminoacridine fluorescence quenching (shaded bars). The best fitting pH predictions were obtained by using the iterative fitting routine. The values from both the model and quenching of the 9-aminoacridine fluorescence yield closely parallel each other. The lowest intrathylakoid pH of ≈4.5 was measured under the light-saturating conditions (see "Light" in Figure 2 ), and the next lowest pH of ≈5.3 was obtained under the ATPase-mediated conditions (ATPase). Since there is no dependence of f 2 on [Z + A] under uncoupled conditions, the model could not provide any insight here.
Biophysical and Photophysical Aspects Concerning the Roles of Antheraxanthin and Zeaxanthin. We can explain the quenching of Chl a fluorescence by Z and A, but not by V, by assuming that only Z and A can accept singlet excitedstate energy from Chl a and subsequently dissipate this energy as heat (8, 41) . In this theory, the predicted energy level of violaxanthin is above, whereas that of antheraxanthin and zeaxanthin is below, that of the first excited singlet state of Chl a. The calculated lifetime of the singlet excited state of the carotenoid after accepting an exciton from Chl a is predicted to be τ ) 9 ps for zeaxanthin and τ ) 14.4 ps for antheraxanthin (41) ; however, this has not yet been measured. (41) have suggested a Dexter-based exchange mechanism which requires molecular orbital overlap and hence a very close physical proximity. We suggest that bound Z and A may indeed be in close proximity to Chls in the antenna complex; like the deepoxidation and epoxidation reactions (see ref 43) , this binding is probably stereospecific (34) for the Z and A and presumably facilitated by a pHactivated step (Figure 8 ). An alternate hypothesis to the idea of Frank et al. is that Z and A may trigger structural or conformational changes around Chl molecules in the vicinity of the binding site, indirectly increasing the internal conversion processes of the Chls and the entire PSII unit (4). Concluding Remarks. Using parallel time-resolved and pulse-amplitude modulation (PAM) fluorometry, we have studied the influence of the intrathylakoid pH (measured by 9-aminoacridine uptake) and the xanthophyll cycle carotenoids (measured by HPLC) on PSII Chl a fluorescence yield in thylakoids of three different species. To quantitatively explain the combined effects of pH and of zeaxanthin plus antheraxanthin concentrations on time-resolved ( Figures   5, 6 , and 9) and steady-state ( Figure 4 ) Chl a fluorescence, we have presented here a new quantitative model which assumes that (a) there exists a specific binding site for a few (for simplicity, one) zeaxanthin (or antheraxanthin) molecules among or in the inner antenna of PSII, (b) this binding site is activated by a low intrathylakoid pH that increases the affinity for zeaxanthin (or antheraxanthin), and (c) this binding effectively "switches" the fluorescence lifetime distribution of the PSII unit to a state with a decreased fluorescence lifetime and emission intensity (the idea of a dimmer switch). The model explains (a) changes in the relative fractional intensities of the ∼0.5 ns fluorescence component as a function of both zeaxanthin (and antheraxanthin) concentration and intrathylakoid pH, (b) the dependence of the ratio of F′ m /F m on the fraction of the 0.5 ns fluorescence lifetime component, and (c) the dependence of the ratio F′ m /F m on both the concentration of zeaxanthin (and antheraxanthin) and intrathylakoid pH. Finally, and importantly (see Figures 7 and 9) , the correlation between the measurements on the lifetime of fluorescence and amplitude, statistically supported here for three higher plant species, allows one to predict the changes of [Z] both from the lifetime of fluorescence measurements and from the amplitude measurements with pulse amplitude fluorometers (PAM) that are available commercially.
